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ABSTRACT 

The  development  of  a  fast-response  total  pressure  probe  Is  pre¬ 
sented.  This  probe  is  intended  for  use  in  the  study  of  unsteady  flows 
in  turbomachines.  Emphasis  is  on  the  design  and  calibration  of  this 
probe,  which  utilizes  a  temperature-compensated  transducer  to  obtain  both 
the  AC  and  DC  components  of  the  fluctuations.  A  description  of  the  cali¬ 
bration  procedure  and  calibration  device,  a  Galton  Whistle,  employed  to 
determine  the  time-dependent  response  of  this  probe  is  presented.  In 
addition,  typical  data  demonstrating  the  use  of  this  probe  in  an  axial 
flow  fan  are  discussed. 


TABLE  OF  CONTENTS 


Page 

ABSTRACT .  tii 

LIST  OF  FIGURES .  vi 

LIST  OF  TABLES . viii 

NOMENCLATURE  .  ix 

ACKNOWLEDGMENTS  .  x 

I.  INTRODUCTION  .  1 

PREVIOUS  STUDIES  .  2 

Modeling  of  Total  Pressure  Probes  .  2 

Time-Averaged  Pressure  Measurement  in  an  Unsteady  Flow  ...  5 

Unsteady  Flow  Fluctuating  Total  Pressure  Measurements  ...  6 

SCOPE  OF  THE  INVESTIGATION .  8 

II.  PROBE  DESIGN  CONSIDERATIONS  AND  CONSTRUCTION  .  10 

AERODYNAMIC  REQUIREMENTS  .  10 

FREQUENCY  RESPONSE  REQUIREMENTS  .  11 

MECHANICAL  REQUIREMENTS  .  11 

PROBE  DESIGN  AND  CONSTRUCTION .  12 

Probe .  12 

Pressure  Transducer  .  14 

III.  PROBE  TESTING .  17 

STATIC  TESTS  .  17 

Reynolds  Number  and  Yaw  and  Pitch  Angle  Calibration  ....  20 

Static  Sensitivity  Calibration  .  25 

DYNAMIC  TESTS  .  25 

Probe  Calibration .  31 


V 

Pa^e 

IV.  RESEARCH  FACILITY  .  36 

AXIAL  FLOW  RESEARCH  FAN .  36 

FLOW  MEASURING  INSTRUMENTATION  .  38 

V.  PROBE  APPLICATION  .  43 

DATA  ACQUISITION .  43 

DATA  REDUCTION .  59 

DISCUSSION  AND  PRESENTATION  OF  RESULTS  .  52 

VI.  SUMMARY  AND  CONCLUSIONS .  64 

VII.  RECOMMENDATIONS  FOR  FURTHER  RESEARCH  .  67 

REFERENCES .  68 

APPENDIX  A:  THEORETICAL  AND  EXPERIMENTAL  EVALUATION  OF 

TUBE/ CAVITY  SYSTEM  RESPONSE  .  71 

APPENDIX  B:  MISCELLANEOUS  CALIBRATION  DATA  .  79 


vi 


LIST  OF  FIGURES 

Figure  Title  Page 

1  Generalized  Tube/Cavity  System  .  .  .  3 

2  Fast-Response  Kiel  Probe  .  13 

3  Pressure  Transducer:  (a)  Transducer  Detail, 

(b)  Bridge  Circuitry  .  15 

4  Open  Jet  Facility .  18 

5  Probe  Holding  Device  Showing  Yaw/Pitch  Mechanism  .  19 

6  Schematic  of  the  Static  Test  Setup  . .  21 

7  Yaw/Pitch  Angle  Definition  .  22 

8  Reynolds  Number  Calibration  Curves:  (a)  Standard 

Kiel  Probe,  (b)  Fast-Response  Kiel  Probe .  23 

9  Yaw/Pitch  Angle  Calibration  Curves:  (a)  and  (c) 

Standard  Kiel  Probe,  (b)  and  (d)  Fast-Response  Kiel 

Probe .  24 

10  Fast-Response  Kiel  Probe  Static  Sensitivity 

Calibration  Curve  .  26 

11  Basic  Galton  Whistle  Configuration  .  28 

12  Galton  Whistle  Response  Curve  .  30 

13  Galton  Whistle,  Showing  the  Fast-Response  Kiel 
Probe's  Simulator  and  the  Reference  Transducer 

Mounted  at  a  Typical  Location  .  32 

14  Schematic  of  the  Dynamic  Calibration  Setup  .  33 

15  Close-up  of  the  Fast-Response  Kiel  Probe's 

Simulator .  34 

16  Frequency  Response  Curves  of  the  Fast-Response 

Kiel  Probe's  Simulator  .  35 

17  Axial  Flow  Research  Fan .  37 


18  Schematic  of  the  Flow  Measurement  Instrumentation 


39 


vii 

Figure  Title  Page 

19  Four-Cycle  Distortion  Generating  Screen  .  45 

20  The  Effect  on  a  Typical  Probe  Output  of  Increasing 

the  Number  of  Ensemble-Averaged  Periods  .  46 

21  Probe  Orientation  Parameters:  (a)  Circumferential 

Angle,  (b)  Yaw  Angle,  (c)  Axial  and  Radial  Locations  ...  47 

22  Spectral  Content  of  a  Typical  Fast-Response  Kiel  Probe 

Output  for  One  Rotor  Revolution  .  53 

23  Periodic  Variation  of  the  Ensemble-Averaged  Total 
Pressure  Coefficient,  Uncorrected  for  Probe  Dynamic 

Response,  Test  Condition  No.  1 .  54 

24  Periodic  Variation  of  the  Ensemble-Averaged  Total 
Pressure  Coefficient  and  the  Time-Averaged  Value 

of  the  Standard  Kiel  Probe,  Test  Condition  No.  1  .  55 

25  Periodic  Variation  of  the  Ensemble-Averaged  Total 
Pressure  Coefficient  and  the  Time-Averaged  Value 

of  the  Standard  Kiel  Probe,  Test  Condition  No.  2  .  57 

26  Periodic  Variation  of  the  Ensemble-Averaged  Total 
Pressure  Coefficient  and  the  Time-Averaged  Value 

of  the  Standard  Kiel  Probe,  Test  Condition  No.  3  .  60 

27  Axial  Velocity  Distribution  Just  Upstream  of  Rotor 

for  Four-Cycle  Screen  (^AVG  =  56  ft/sec)  .  61 

28  Schematic  of  Four-Cycle  Flow  Distortion  Showing  Probe 

Position  Relative  to  Flow .  62 

B-l  Static  Calibration  of  Transducer  T-l  .  80 

B-2  Rerun  of  Reynolds  Number  Calibration  for  the  Standard 

Kiel  Probe . 81 

B-3  Calibration  Data  Relating  V^G  and  Casing  Static 
Pressure  for  a  Four-Cycle  Distorted  Inflow  at 

^tEAN .  82 

B-4  Static  Calibration  of  Transducer  T-2  .  83 


viii 


LIST  OF  TABLES 


Table  Title  Page 

1  Transducer  Specifications  .  16 

2  Test  Conditions .  44 

3  Comparison  of  the  Time-Averaged  Total  Pressures  for 

Test  No.  1  and  Test  No.  2 .  59 


/ 

i 

J 


NOMENCLATURE 


< 


■V 


Symbol 

AC 


p 

ATM 

^lEAN 

^UB 

t 

U 

V 

AVG 

V 

x 


Definition 

fluctuating  pressure  component 

ttl 

Fourier  coefficients  of  n  harmonic 
pressure  coefficient 

time-averaged  pressure  component 

frequency  (Hz) 

total  pressure  (psfg) 

static  pressure  (psfg) 

atmospheric  pressure  (psf) 

AFRF  mean  radius  (inches) 

AFRF  hub  radius  (inches) 

time 

rotor  blade  speed  at  R^g^  (fps) 
circumferential-mean  inlet  axial  velocity  (fps) 
inlet  axial  velocity  (fps) 

3 

density  (slugs/ft  ) 

circumferential  probe  position  (degrees) 
probe  yaw  angle  (degrees) 


X 


ACKNOWLEDGMENTS 

The  author  would  like  to  express  his  thanks  to  his  research  advisor, 
Dr.  Robert  E.  Henderson,  for  his  help  and  guidance  throughout  the  proj¬ 
ect.  The  technical  assistance  given  by  Messrs.  Edgar  P.  Bruce, 

Wilden  L.  Nuss,  George  M.  Sayers,  and  Robert  W.  Woods  is  also  appreci¬ 
ated. 

This  project  was  conducted  at  the  Garfield  Thomas  Water  Tunnel  of 
the  Applied  Research  Laboratory  at  The  Pennsylvania  State  University. 
Financial  support  for  the  investigation  was  provided  by  Project  SQUID, 
Contract  No.  8960-4.  Project  SQUID  is  a  cooperative  program  of  basic 
research  relating  to  jet  propulsion.  It  is  sponsored  by  the  Office  of 


Naval  Research  and  is  administered  by  Purdue  University  through  Contract 
N00014-75-C-1143 ,  NR-089-038. 


CHAPTER  I 


INTRODUCTION 

Modern  turbomachine  design  procedures  rely  on  an  axisymmetric 
steady  flow  model  as  a  basis  for  their  design  because  information  to 
date  concerning  the  unsteady  flow  process  is  largely  inadequate.  A 
satisfactory  method  of  measuring  unsteady  flow  parameters  would  provide 
valuable  data  contributing  to  the  improved  design  of  many  turbomachines, 
which  would  in  turn  lead  to  higher  efficiencies  and  less  structural 
vibration.  Further  efforts  in  the  improvement  of  turbomachine  design 
will  depend  largely  on  the  continued  investigation  and  understanding  of 
the  actual  unsteady  flow  phenomena  involved. 

The  purpose  of  this  investigation  is  to  develop  a  fast-response 
total  pressure  probe  to  aid  in  the  description  of  the  unsteady  flow 
field  in  an  axial  fan  stage  by  permitting  the  measurement  of  the  instan¬ 
taneous  total  pressure.  This  probe  will  complement  instruments  already 
available  for  use  in  the  Axial  Flow  Research  Fan  (AFRF)  at  the  Applied 
Research  Laboratory,  The  Pennsylvania  State  University,  to  determine  the 
spatial  velocity  distribution  (l) ,  the  unsteady  blade  surface  pressures 
(2) .  and  lift  and  pitching  moment  (3)  present  on  the  blades  of  an  axial 
flow  fan  stage.  The  need  now  is  to  add  to  these  unsteady  measurements 
the  capability  to  determine  the  details  of  the  total  pressure  field, 
including  not  only  the  time-averaged  total  pressure  but  also  its  instan¬ 
taneous  fluctuations.  The  design,  construction,  and  calibration  of  such 
a  probe  is  the  primary  purpose  of  this  study. 


PREVIOUS  STUDIES 


Modeling  of  Total  Pressure  Probes.  In  the  design  of  a  probe  that 
will  measure  time-dependent  pressures,  one  must  obtain  beforehand  a 
knowledge  of  its  response  characteristics.  This  will,  in  general,  depend 
on  the  probe's  internal  geometry  and  size  and  on  the  response  of  any 
other  components  used  in  conjunction  with  the  probe.  Developments  over 
the  past  few  years  have  made  it  possible  to  produce  pressure  transducers 
of  high  quality  at  a  miniaturized  scale  (~0.1  inch  in  diameter),  small 
enough  to  be  housed  in  the  probe  itself.  These  transducers  have  a 
sufficiently  high  first  resonant  frequency  (AO  to  200  kHz)  to  make  them 
applicable  to  most  flow  studies.  From  a  response  viewpoint,  direct  con¬ 
tact  of  transducer  and  flow  is  the  ideal  configuration.  However,  direc¬ 
tional  velocity  sensitivity,  sampling  size  of  the  transducer,  and 
protection  of  the  transducer  itself  would  warrant  installation  of  the 
transducer  in  a  fixed  volume  as  generalized  in  Figure  1.  These  aspects 
will  be  considered  when  probe  design  requirements  are  discussed. 

Modeling  of  the  generalized  tube/cavity  system  shown  in  Figure  1 
has  been  approached  in  various  ways.  Taback  (a)  used  an  electro¬ 
mechanical  analogy  based  on  the  transmission  characteristics  of 
electrical  lines  to  predict  the  response  of  a  pressure  measuring  system 
to  a  sinusoidal  input.  System  frequency  response  and  phase  shift  were 
obtained  from  the  velocity  of  propagation  in  tubes  calculated  from  the 
Rayleigh  formula  (5) ,  combined  with  experimentally  measured  values  of 
attenuation.  The  dependence  of  this  model  on  experimental  values 
severely  limits  its  applicability. 

Linear,  second-order  models  have  been  developed  in  many  textbooks. 
The  basis  for  these  models  is  the  analog  between  the  mechanical  system 


of  a  mass  on  a  massless  spring  and  the  fluid  system  (having  the  same 
mass)  consisting  of  the  fluid  in  the  tube  of  a  resonator  and  the  cavity 
volume.  Holman  ( 6 )  uses  a  Helmholtz  resonator  to  model  the  system.  The 
resonant  frequency  is  readily  obtainable  from  the  model's  basic  equation 
of  motion.  Doeblein  (7)  uses  a  simplified  energy  analysis  to  the  same 
end. 

Delio  et  al.  (8)  treated  the  tube/cavity  arrangement  as  a  lumped 
parameter  system,  with  fluid  properties  constant  along  the  tube  length, 
assuming  the  amplitudes  of  the  disturbances  were  small.  What  was 
obtained  was  a  second-order  model  that  became  nonlinear  for  large  dis¬ 
turbances.  This  model,  as  well  as  other  second-order  models,  loses  its 
accuracy  for  small  volumes  and  tubing  radii  due  to  nonlinear  viscous 
friction  effects. 

An  extended  theory,  based  on  the  motion  of  fluid  particles  inside  a 
resonator,  was  reported  by  Alster  (9) .  The  resonant  frequency  was  found 
to  be  dependent  on  the  shape  of  the  cavity  in  question.  Formulas  for 
specific  shapes  (spherical,  conical,  frustrum  of  a  cone,  cylindrical 
prism,  and  quarter  wave)  were  derived.  Alster 's  theory  treated  the 
resonances  of  Helmholtz  resonators  and  quarter  wavelength  resonators 
together  (considered  only  separately  until  then) .  The  results  of  his 
calculations  were  verified  with  high  accuracy. 

A  study  of  the  application  of  Delio 's  lumped  parameter  system,  the 
Helmholtz  oscillator  model,  and  Alster's  method  in  the  design  of  fast- 
response  total  pressure  probes  was  conducted  by  Atkins  (lO,  ll) .  Theo¬ 
retical  model  predictions  were  compared  with  experimental  values  up  to  a 
frequency  of  10  kHz.  Atkins'  results  show  that  all  of  the  models 
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disagree  somewhat  with  experiment,  with  significant  differences  existing 
between  the  Helmholtz  model  and  Alster's  method. 

Nonlinear  analyses,  based  on  the  Navier-Stokes  equations  and  equa¬ 
tions  of  continuity,  energy,  and  state,  are  developed  by  Iberall  (l2) 
and  Bergh  and  Tijdeman  (l3)  .  Small  sinusoidal  pressure  variations, 
laminar  flow  throughout  the  system,  and  a  geometrically  long  system  com¬ 
pared  to  the  radius  of  any  tube  in  the  system  were  some  of  the  assump¬ 
tions  made.  Iberall's  analysis  was  restricted  to  a  single  tube/cavity 
system,  while  Bergh  and  Tijdeman's  model  extended  the  theory  to  cover  a 
series  connection  of  any  number  of  tubes  and  cavities.  Experimental 
comparisons  with  theory  up  to  300  Hz  were  conducted  in  Reference  (lO) , 
with  results  indicating  a  high  precision  of  prediction. 

Nyland,  Englund,  and  Anderson  (l4)  confirmed  the  value  of  the  above 
analyses  by  using  the  equations  of  Bergh  and  Tijdeman  and  Iberall  in  the 
frequency  range  up  to  5,000  Hz.  In  addition,  they  developed  a  computer 
program  for  the  multiple  tube/cavity  analysis  of  Bergh  and  Tijdeman. 

Based  on  the  preceding  literature,  it  would  seem  that  any  of  the 
models  would  be  suitable  for  predicting  probe  response,  noting  the 
assumptions  and  limitations  of  each  model.  The  Helmholtz  model  would 
seem  most  suitable  for  a  quick  check  on  the  resonant  frequency,  with 
Bergh  and  Tijdeman's  model  being  the  most  rigorous.  It  should  be  noted 
that  all  of  these  analyses  put  forth  theoretical  models  only  and  that 
dynamic  calibration  of  the  actual  system  must  always  be  made  before  any 
pressure  measurements  are  attempted. 

Time-Averaged  Pressure  Measurement  in  an  Unsteady  Flow.  The 
accurate  evaluation  of  the  time-averaged  component  of  a  fluctuating 
total  pressure  is  essential  in  the  design  of  turbomachinery.  It  is  not 
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surprising  then  that  many  individuals  have  considered  the  measurement  of 
the  time-averaged  component  of  an  unsteady  flow. 

The  system  most  often  used  to  measure  the  time-averaged  total  pres¬ 
sure  consists  of  a  total  pressure  probe  connected  through  a  length  of 
tubing  to  a  slow-response  pressure  transducer.  When  this  system  is  at 
equilibrium  in  a  fluctuating  stream,  the  pressure  difference  across  the 
measurement  holes  is  a  function  of  the  instantaneous  mass  flow  rate 
through  the  holes.  If  this  relationship  is  linear,  then  the  indicated 
average  pressure  will  be  the  same  as  the  time-averaged  pressure  of  the 
flow.  However,  if  the  relationship  is  nonlinear,  which  is  the  case  with 
relations  governing  mass  flow  with  respect  to  applied  pressure,  there 
can  be  a  measurable  difference  between  the  indicated  probe  pressure  and 
the  actual  time-averaged  value.  Samoilovich  and  Yoblokov  (l5)  have 
indicated  in  their  work  that  the  result  of  this  may  be  either  an  under¬ 
estimation  or  an  overestimation  of  the  level  of  losses  in  turbomachinery 
stages.  Kronauer  and  Grant  (l6)  propose  that  this  error  may  be  signifi¬ 
cant,  as  high  as  15.0%,  when  the  fluctuations  are  nonsymmetrical  about 
the  average.  However,  even  though  these  large  uncertainties  exist,  good 
approximations  may  still  be  made  when  working  with  small  amplitude 
fluctuations.  Krause,  Dudzinski,  and  Johnson  (l7)  have  found  this 
averaging  error  to  be  small,  approximately  1.0%  for  small  amplitude 
fluctuations . 

Unsteady  Flow  Fluctuating  Total  Pressure  Measurements.  In 
measuring  the  instantaneous  total  pressure,  the  result  of  a  large 
measuring  volume  between  the  pressure  measuring  hole  and  the  transducer 
is  a  low  resonant  frequency  of  the  system.  The  larger  old-style 
transducer  diaphragms  made  this  large  measuring  volume  necessary  because 
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they  could  not  be  brought  close  to  the  flow  without  involving  too  large 
a  resolution  area  or  disturbing  the  local  flow  characteristics.  As  a 
result,  probe  frequency  response  was  limited.  Davis  (l8)  and  Strasberg 
(l9)  present  pressure  probes  of  this  nature,  both  with  low  frequency 
response. 

Siddon  (20)  developed  a  pressure  probe  and  investigated  the  rela¬ 
tionship  between  the  time  varying  pressure  amplitudes  and  probe  resolu¬ 
tion.  The  extent  of  the  dependence  of  the  pressure  readings  and  turbu¬ 
lent  eddy  size  were  established;  eddy  size  was  of  importance  when  the 
eddy  scale  was  of  the  same  order  as  or  smaller  than  the  probe's 
resolution  dimension. 

Armentrout  (2l)  presented  the  applicability  of  miniature  pressure 
transducers  in  the  design  of  a  high  frequency  response  pressure  sensing 
rake  for  use  in  turbofan  engine  tests.  Since  these  transducers  were 
highly  sensitive  to  ambient  temperature  level  change,  a  method  of 
cooling  to  reduce  this  sensitivity  was  presented.  Senoo,  Kita,  and 
Ookuma  (22)  used  a  modified  cobra  probe  to  measure  instantaneous 
pressures  at  the  exit  of  a  pump  impeller.  The  probe  contained  three 
semiconductor  pressure  transducers.  Alarcon,  Okiishi,  and  Junkhan  (23) 
developed  a  fast-response  total  pressure  probe  for  measurement  of 
pressures  in  a  low-speed  multistage  axial  flow  compressor.  A  miniature 
transducer  was  placed  very  close  to  the  probe  total  pressure  opening  for 
fast  response,  and  periodic-averaged  total  pressure  measurements  were 
made.  The  dynamic  calibration  of  the  probe  was  accomplished  by 
subjecting  the  probe  to  a  step  change  in  total  pressure  and  using  the 
data  obtained  to  form  a  second-order  model. 
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In  general,  the  fluctuating  component  (AC)  can  be  measured  with  a 
good  degree  of  precision  with  the  help  of  miniature  pressure  transducers. 
This  precision,  however,  is  generally  lost  when  measuring  the  time- 
averaged  signal  (DC)  due  to  thermal  zero  shift.  If  temperature  compen¬ 
sation  is  not  provided,  the  AC  and  DC  components  are  measured  separately, 
with  superposition  of  the  two  resulting  in  the  absolute  total  pressure 
variation . 

SCOPE  OF  THE  INVESTIGATION 

The  objectives  of  this  investigation  are  twofold:  first,  to  design, 
construct,  and  calibrate  a  total  pressure  probe  with  a  characteristically 
fast  response  time  and,  second,  to  use  this  probe  to  measure  total  pres¬ 
sure  variations  in  an  axial  fan  stage.  The  probe  is  intended  to  measure 
the  complete  total  pressure  variation  (AC  and  DC).  Zero  shift  error  due 
to  temperature  fluctuation  is  avoided  by  using  a  temperature  compensated 
transducer.  As  a  comparison,  a  standard  total  pressure  Kiel  probe  used 
with  a  slow-response  transducer  will  also  record  the  time-averaged 
pressure. 

The  probe  design  will  utilize  Bergh  and  Tijdemar's  (l3)  formulation 
for  the  prediction  of  the  frequency  response  of  the  probe  and  phase 
shift.  A  computer  program  written  by  Nyland,  Englund,  and  Anderson  (l4) 
will  be  used  to  facilitate  this  design. 

Static  calibration  will  be  accomplished  with  the  use  of  the  Applied 
Research  Laboratory's  Open  Jet  Facility.  Static  sensitivity,  as  well  as 
the  probe  sensitivity  to  Reynolds  number  and  yaw  and  pitch  angle,  will 
be  established.  Dynamic  calibration  will  be  achieved  through  the 
construction  of  a  sinusoidal  pressure  generating  device  known  as  a 
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Galton  Whistle.  With  this  whistle,  the  actual  frequency  response  of  the 
probe,  as  well  as  phase  shift,  can  be  measured. 

Once  static  and  dynamic  calibration  is  complete,  flow  measurements 
will  be  taken  in  the  Axial  Flow  Research  Fan.  Measurements  will  be  taken 
downstream  of  the  rotor  at  a  fixed  radial  position  for  a  uniform  and  a 
distorted  rotor  inflow. 


i 

i 
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CHAPTER  II 


PROBE  DESIGN  CONSIDERATIONS  AND  CONSTRUCTION 

In  conducting  the  design  of  a  fast-response  total  pressure  probe, 
one  must  consider  a  balance  between  aerodynamic,  frequency  response,  and 
mechanical  requirements.  It  is  the  optimization  of  these  requirements 
that  will  provide  the  best  design. 

AERODYNAMIC  REQUIREMENTS 

The  major  aerodynamic  concern  in  the  uesign  of  total  pressure  probes 
for  operation  in  subsonic  flows  is  that  of  probe/flow  misalignment.  A 
simple  impact  tube  with  a  square-edged  opening  will  indicate  a  correct 
total  pressure  as  long  as  the  opening  is  aligned  perpendicular  to  the 
flow.  The  accuracy  of  the  measurement  decreases  as  the  angle  of  flow 
misalignment  is  increased.  This  problem  can  be  alleviated  somewhat  by 
inclusion  of  an  internal  chamfer  in  the  inlet  of  the  tube  (24)  .  Flow 
angle  variations  of  up  to  20°  from  the  average  direction  can  be  tolerated 
by  a  probe  of  this  design.  For  angles  greater  than  this,  a  shielded 
probe  (Kiel  probe)  is  required. 

Another  aerodynamic  consideration  is  that  of  the  sampling  error 
incurred  when  probing  a  total  pressure  gradient,  such  as  that  caused  by 
a  viscous  wake.  Due  to  this  gradient,  the  measured  pressure  does  not 
represent  the  pressure  that  exists  on  the  tube's  centerline,  but  rather 
some  spatially  averaged  value.  This  problem  can  be  minimized  by  making 
the  sampling  tube  diameter  as  small  as  possible. 
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Reynolds  number  effects  will  be  noticeable  only  for  a  very  slow 
moving  fluid;  stream  blockage  should  be  minimized  by  having  a  small 
frontal  area  and  low  drag  coefficient.  Interference  from  the  probe  sup¬ 
port  can  be  minimized  by  having  the  sensing  hole  at  least  three  or  more 
support  diameters  upstream  of  the  support. 

FREQUENCY  RESPONSE  REQUIREMENTS 

If  a  second-order  analysis  is  used  to  estimate  the  probe’s  response, 
one  would  want  a  resonant  frequency  as  high  as  possible,  in  order  that 
the  probe  would  precisely  measure  the  pressure  variations.  In  the  case 
of  the  use  of  a  Galton  Whistle,  or  a  similar  calibration  device,  the 
actual  calibration  curve  is  obtained,  and  the  resonant  frequency  need 
only  be  as  high  as  necessitated  by  the  flow  to  be  measured.  However,  an 
attempt  should  be  made  to  have  a  flat  response  in  the  frequency  range  in 
question  to  facilitate  ease  of  data  reduction. 

Pressure  fluctuations  due  to  turbulence  would  present  a  problem  if 
periodic-averaged  data  were  not  taken.  However,  as  explained  in  Chapter 
V  on  Probe  Application,  turbulent  fluctuations  are  averaged  out  with  this 
procedure  (also  known  as  ensemble  averaging)  and,  therefore,  need  not  be 
considered  for  the  applications  considered  in  this  study, 

MECHANICAL  REQUIREMENTS 

Because  of  the  possibility  of  transducer  failure,  or  should  it  be 
required  to  be  removed  for  any  other  reason,  the  probe  should  be  designed 
with  ease  of  its  removal  in  mind.  This  means  more  permanent  methods, 
such  as  cementing  in  place  with  a  sealant,  cannot  be  employed. 


Probe  strength  and  stiffness  should  be  taken  into  account  when 
measuring  unsteady  flows,  such  as  those  present  in  turbomachinery.  Any 
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vibration  of  the  probe  would  contribute  to  inaccuracies  in  the  resulting 
measurements.  The  ease  of  manufacturing  is  another  point  not  to  be  over¬ 
looked.  A  well-designed  probe  is  one  that  is  as  simple  and  economic  to 
construct  as  it  is  accurate  and  reliable  to  use. 

Finally,  the  probe  should  be  of  a  configuration  that  is  easily 
mounted.  A  round  tubular  shape  would  seem  to  be  the  best  for  most  turbo¬ 
machinery  applications. 

PROBE  DESIGN  AND  CONSTRUCTION 

Probe.  The  probe  considered  in  this  study  was  designed  with  the 
general  guidelines  discussed  above  in  mind.  As  shown  in  Figure  2,  the 
transducer  is  located  inside  the  probe  body,  with  a  modified  United 
Sensor  1/8-inch  Kiel  probe  positioned  to  form  a  mounting  cavity.  This 
provides  excellent  probe  head  characteristics,  making  it  relatively 
insensitive  to  flow  misalignment  and  support  interference.  (This  will 
be  established  during  static  calibration  of  the  probe.)  The  reference 
pressure  of  the  transducer  is  atmospheric,  vented  by  way  of  the  support 
body. 

As  mentioned  earlier,  theoretical  predictions  of  the  probe  frequency 
response  and  phase  shift  were  made  using  Bergh  and  Tijdeman's  (l3)  formu¬ 
lation,  in  the  form  of  Nyland,  Englund,  and  Anderson's  (l4)  computer 
program.  This  program  was  rewritten  to  be  acceptable  to  the  Applied 
Research  Laboratory's  IBM  1130  computer  and  restricted  to  the  calculation 
of  one  tube/cavity  system.  Bergh  and  Tijdeman’s  formulation  for  a  single 
tube/cavity  system  is  included  in  Appendix  A,  along  with  predictive 
frequency  response  data  obtained  from  the  rewritten  computer  program. 
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Pressure  Transducer.  The  pressure  transducer,  an  Endevco  Model 
8507-2,  is  shown  in  Figure  3.  The  sensor  design  is  an  active  four-arm 
piezo-resistive  Wheatstone  bridge,  diffused  directly  onto  a  shaped  sili¬ 
con  chip.  It  incorporates  integral  temperature  compensation  through  the 
range  of  50  to  150°  Fahrenheit.  This  circuitry  is  completely  housed 
within  its  small  cylindrical  base.  Transducer  specifications  are  given 
in  Table  1. 

An  examination  of  the  predicted  probe  response  indicates  that  reson¬ 
ance  will  occur  at  approximately  1,530  Hz.  The  main  factor  contributing 
to  this  value  was  the  choice  of  the  United  Sensor  Kiel  probe  as  the  fast- 
response  probe's  head.  This  mechanical  constraint  was  imposed  to  provide 
a  greater  ease  of  construction  and  good  insensitivity  to  flow  direction. 
Much  higher  resonant  frequencies  can  easily  be  obtained  by  relaxing  this 
constraint  through  the  selection  of  the  tube/cavity  configuration. 
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Table  1 

Transducer  Specifications 


Range : 

Resonant  Frequency: 

Sensitivity : 

Zero  Shift  Across  Temperature  Range: 

Maximum  Sensitivity  Shift  Across 
Temperature  Range : 

Temperature  Range : 


2  psig 

45,000  Hz 

157  ±45  tnv/psi 

±3.0%  of  Full  Scale  Output 

±3.0%  of  Full  Scale  Output 
50  to  150°  Fahrenheit 


Burst  Pressure 

Minimum  Differential: 
Maximum  Case: 


±40  psi 
50  psi 


Excitation 

Rated:  10  V  DC 

Maximum:  18  V  DC 


Resistance 
Input : 

Output : 

Isolation: 

Acceleration  Sensitivity 
Longitudinal : 
Lateral : 


1,800  ohms 
1,600  ohms 

>20,000  megohms  at  50  V 


0.0005  psi/g 
0.0003  psi/g 


at  rated  excitation  of  10  V  DC 


CHAPTER  III 


PROBE  TESTING 

This  chapter  presents  a  description  of  the  static  and  dynamic  tests 
used  to  calibrate  the  fast-response  Kiel  probe  and  the  standard  Kiel 
probe  discussed  in  Chapter  II.  These  tests  were  undertaken  to  determine 
the  probe's  aerodynamic  and  frequency  response  characteristics.  The 
static  tests  deal  with  the  influence  of  yaw  and  pitch  angle  and  Reynolds 
number  on  the  steady  total  pressure  measured  by  the  probe  and  the  deter¬ 
mination  of  its  static  sensitivity.  Dynamic  tests  determined  the  probe' 
response  to  an  unsteady  pressure.  Since  the  standard  Kiel  probe  will 
only  undergo  an  aerodynamic  static  calibration,  the  procedure  for  its 
calibration  is  identical  to  a  portion  of  the  procedure  for  the  calibra¬ 
tion  of  the  fast-response  Kiel  probe.  The  results  of  this  static  cali¬ 
bration  are  included  in  the  following  discussion. 

STATIC  TESTS 

The  tests  described  in  this  section  were  all  carried  out  using  the 
Applied  Research  Laboratory's  Open  Jet  Facility,  pictured  in  Figure  4. 
This  facility  has  a  throat  diameter  of  12  inches  and  a  contraction  ratio 
of  30  to  1,  with  a  maximum  tunnel  throat  velocity  of  115  fps.  For 
calibration  purposes,  the  probe  was  positioned  one  throat  diameter  from 
the  nozzle  exit  and,  at  all  times,  remained  well  in  the  core  flow. 

Figure  5  is  a  close-up  of  the  probe  holding  device.  Pressure 
differentials  were  obtained  using  a  Validyne  variable  reluctance 


PROBE  CLAMP 
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transducer.  (a  calibration  plot  for  this  transducer  (T-l)  may  be  found 
in  Appendix  B.)  A  schematic  of  the  entire  test  setup  is  shown  in  Figure 
6. 

Reynolds  Number  and  Yaw  and  Pitch  Angle  Calibration.  To  determine 
the  effect  of  Reynolds  number,  the  probe,  without  its  transducer  instal¬ 
led,  was  aligned  with  the  flow:  yaw  and  pitch  angles  as  defined  in 
Figure  7  were  identically  zero.  The  pressure  difference  between  the 
Open  Jet's  plenum  pressure,  P  ,  and  the  probe  indicated  total  pressure, 
Pp,  was  then  examined  over  the  flow  velocity  range  expected  in  the  Axial 
Flow  Research  Fan.  The  results  are  given  in  Figure  8.  The  standard  Kiel 
probe  showed  negligible  influence  of  velocity  level  on  indicated  total 
pressure.  The  fast-response  Kiel  probe  showed  a  relatively  small,  con¬ 
stant  loss  of  approximately  1.5%. 

The  effect  of  flow  angle  was  examined  next.  At  velocities  of  40, 

65,  and  90  fps,  the  probe  yaw  angle  was  varied  ±35°  with  the  pitch  angle 
equal  to  zero.  Next,  the  probe  pitch  angle  was  varied  ±30°  with  the  yaw 
angle  equal  to  zero.  The  pressure  difference  between  Pp  and  was 
examined  through  both  these  ranges  and  the  results  are  given  in  Figure  9. 
The  standard  Kiel  probe  showed  negligible  influence  of  yaw  and  pitch 
angle  over  the  entire  range  tested.  The  fast-response  Kiel  probe  again 
showed  a  loss  of  approximately  1.5%  over  the  entire  range. 

The  constant  1.5%  loss  indicated  in  the  fast-response  Kiel  probe 
tests  was  suspicious,  especially  since  the  data  were  obtained  six  months 
after  the  standard  Kiel  probe  tests.  A  clogging  of  the  flow  straight¬ 
ening  screens  in  the  open  jet  was  suspected,  as  this  would  cause 
increased  losses  due  to  the  higher  level  of  turbulence.  The  standard 
Kiel  probe  Reynolds  number  test  was  rerun,  and  the  results  (given  in 
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Appendix  B)  indicate  that  there  was  now  a  significant  loss  associated 
with  the  Open  Jet  of  approximately  2.0%.  Thus,  the  fast-response  Kiel 
probe  has  a  very  small  loss,  less  than  0.5%. 

Static  Sensitivity  Calibration.  The  transducer  was  then  installed 
in  the  fast-response  Kiel  probe  to  determine  its  static  sensitivity. 

The  probe  was  aligned  with  the  flow,  and  plenum/probe  differential  pres¬ 
sure  was  examined.  Initial  test  results  indicated  a  significant  zero 
shift  when  the  probe  was  immersed  in  the  flow,  making  an  accurate  deter¬ 
mination  of  probe  sensitivity  difficult.  Since  direct  contact  of  the 
transducer  and  probe  body  occurs  at  the  base  of  the  transducer,  it  is 
possible  that  mechanical  stresses  are  being  impressed  on  the  transducer 
by  expansion/contraction  of  the  probe  body. 

As  an  immediate  solution  to  this  problem,  the  following  method  used 
by  Alarcon,  Okiishi,  and  Junkhan  [23)  was  employed.  The  output  of  the 
probe  was  displayed  on  a  storage  oscilloscope,  and  the  signal  was  zeroed. 
The  probe  was  then  exposed  to  the  flow,  and  the  rise  in  pressure  read 
off  the  scope,  which  had  been  previously  calibrated.  The  results  of 
this  method  are  shown  in  Figure  10.  The  method  to  overcome  this  zero 
shift  during  data  acquisition  in  the  AFRF  will  be  discussed  later. 

DYNAMIC  TESTS 

Whenever  a  fast-response  probe  is  designed,  its  theoretical  dynamic 
response  must  be  checked  by  actual  calibration  of  the  probe.  The  cali¬ 
bration  device  chosen  was  a  sinusoidal  pressure  generator  based  on  the 
Galton  Tube.  It  consists  of  a  resonant  tube  driven  by  an  annular  air 
jet,  impinging  on  its  knife  edge.  The  design  of  this  "whistle"  was 
modeled  after  one  presented  by  Nyland,  Englund,  and  Gebben  (25).  It  is 


PLENUM  PRESSURE  (PSIG) 

FIGURE  10.  FAST-RESPONSE  KIEL  PROBE  STATIC  SENSITIVITY 
CALIBRATION  CURVE 


2 


capable  of  generating  relatively  clean  sinusoidal  waves  in  the  250  to 
2,200  Hz  range  with  peak-to-peak  amplitudes  of  0.8  psi. 

A  drawing  of  the  basic  generator  is  shown  in  Figure  11.  The  reso¬ 
nant  tube  is  constructed  of  0.065-inch  wall,  1-inch  diameter  tube.  The 
open  end  of  the  tube  is  tapered  at  an  angle  of  30°  with  respect  to  the 
tube  axis  to  form  a  sharp  edge  at  the  inside  tube  diameter.  The  nozzle 
consists  of  an  annular  opening  0.03  inch  in  width,  aligned  with  this 
knife  edge.  Pressure  ports  are  located  along  the  length  of  the  tube. 

At  each  axial  position,  there  are  four  circumferentially  positioned 
ports:  one  for  a  reference  transducer,  one  for  the  transducer  to  be 
tested,  and  two  spares. 

The  whistle  operates  as  follows.  Air  flowing  through  the  nozzle 
impinges  on  the  tapered  edge  of  the  tube.  The  resulting  turbulence 
induces  the  air  in  the  tube  to  oscillate,  setting  up  a  standing  wave. 

The  pressure  generated  at  any  point  along  the  length  of  the  resonator  is 
given  by  the  approximation 
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p  =  pressure  at  any  point  along  the  resonator, 
P  =  peak  pressure  amplitude, 


L  =  resonator  length. 
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X  =  distance  from  knife  edge  to  center  of  port, 
f  =  frequency  of  oscillation, 
t  =  t ime , 

c  =  local  speed  of  sound,  and 
n  =  mode  number  (1,  3,  5,  ...)• 

The  resonator  can  oscillate  in  many  different  modes,  depending  on  the 
pressure  drop  across  the  nozzle  and  nozzle-to-resonator  spacing.  The 
peak  pressure  amplitude,  P,  is  mainly  a  function  of  pressure  drop  across 
the  nozzle,  but  it  will  also  vary  with  nozzle-to-resonator  spacing. 

Once  oscillating  in  a  mode,  the  frequency  of  the  oscillation  is  only  a 
function  of  tube  length,  assuming  a  constant  local  speed  of  sound.  The 
ports  have  been  spaced  so  that,  for  any  given  oscillation,  a  set  of  ports 
will  be  available  where  the  pressure  amplitude  is  within  75.0%  of  the 
maximum  or  peak  value.  Thus,  by  varying  the  length  of  the  tube,  the 
nozzle-to-resonator  spacing,  the  pressure  drop  across  the  nozzle,  and  the 
choice  of  ports,  one  can  obtain  a  spectrum  of  frequencies  and  amplitudes. 

To  obtain  an  idea  of  the  operating  characteristics  of  the  whistle, 
a  plot  of  peak-to-peak  pressure  amplitude  versus  pressure  drop  across 
the  nozzle  was  first  obtained.  The  pressure  drop  across  the  nozzle  was 
measured  with  a  slant  tube  manometer,  while  peak-to-peak  pressure  ampli¬ 
tudes  inside  the  resonator  were  measured  with  a  flush  mounted  1/4-inch 
Briiel  and  Kjaer  microphone.  This  microphone  has  a  flat  response  in  the 
200  to  9,000  Hz  range.  All  points  were  obtained  by  adjusting  the 
pressure  drop  and  nozzle-to-resonator  spacing  to  get  a  sinusoidal  wave 
operating  in  one  mode  with  minimum  waveform  distortion,  as  shown  by  an 
oscilloscope  trace.  This  plot  is  given  in  Figure  12. 
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Probe  Calibration.  To  dynamically  calibrate  the  fast-response  Kiel 
probe,  the  setup  in  Figures  13  and  14  was  used.  Since  the  probe  itself 
could  not  be  mounted  in  the  resonator  tube,  a  simulation  of  the  probe 
cavity/transducer  arrangement  was  constructed.  The  simulator  duplicates 
the  internal  flow  passages  of  the  probe  itself,  as  well  as  the  manner  in 
which  the  transducer  is  mounted  in  the  probe,  and  can  readily  be  mounted 
in  the  whistle.  The  only  difference  is  the  bend  in  the  head  of  the 
actual  probe;  exclusion  of  this  bend  will  not  affect  the  probe's  charac¬ 
teristics  as  long  as  its  diameter  is  constant  and  its  radius  is  of  the 
same  order  of  magnitude  as  the  tubing  length  (ll) .  The  simulator  is 
pictured  in  Figure  15. 

For  all  calibration  data,  the  simulator  was  mounted  directly  oppo¬ 
site  the  reference  transducer,  a  1/4-inch  Briiel  and  Kjaer  microphone, 
used  in  conjunction  with  a  Model  2603  Briiel  and  Kjaer  microphone  ampli¬ 
fier.  The  test  transducer  output  was  routed  through  a  Danna  Model  3520 
DC  amplifier  and  inputted  into  the  Briiel  and  Kjaer  amplifier,  which  was 
calibrated  to  read  in  peak  volts.  In  addition,  the  output  of  both 
transducers  was  channeled  into  a  Spectral  Dynamics  Model  SD110  phase 
meter,  and  a  frequency  counter  was  connected  to  the  reference  transducer 

To  calibrate  the  simulator,  the  test  transducer  was  excited  by  a 
constant  15  V  DC  source  (+0.01  V  DC);  amplitude  gain  and  phase  lag  as  a 
function  of  the  frequency  of  oscillation  were  recorded.  The  results  are 
plotted  in  Figure  16,  along  with  predicted  response  curves  obtained 
using  Bergh  and  Tijdeman's  formulas  (l3) .  (To  insure  repeatability,  a 
second  test  run  was  taken;  both  are  included  in  Appendix  A.)  Test  data 
indicated  resonance  occurs  at  approximately  1,500  Hz,  as  compared  to 


1,530  Hz  predicted. 


FIGURE  13.  GAI.TOU  WHISTLE,  SHOWING  THE  FAST-RF.SPONSE  KIEL  PROBE'S 
SIMULATOR  AND  THE  REFERENCE  TRANSDUCER  MOUNTED  AT  A 
TYPICAL  LOCATION 


FIGURE  15.  CLOSE-UP  OF  THE  FAST-RESPONSE  KIEL  PROBE'S  SIMULATOR 


FREQUENCY  (Hz) 

FIGURE  16.  FREQUENCY  RESPONSE  CURVES  OF  THE  FAST-RESPONSE  KIEL  PROBE'S  SIMULATOR 


CHAPTER  IV 


RESEARCH  FACILITY 


AXIAL  FLOW  RESEARCH  FAN 

The  Axial  Flow  Research  Fan  (AFRF)  of  the  Applied  Research 
Laboratory  at  The  Pennsylvania  State  University,  Figure  17,  was  used  in 
the  present  study.  The  19-2/3-foot  fan  consists  of  a  bellmouth  inlet 
leading  into  an  annular  flow  passage  containing  a  rotor  and  auxiliary 
fan  and  ending  in  an  exhaust  throttle.  The  entire  forward  section,  from 
inlet  to  just  upstream  of  the  rotor  drive  motor,  is  bounded  by  a  21-1/2- 
inch  inside  diameter  casing  and  a  9-1/2-inch  diameter  hub  surface. 

The  rotor,  composed  of  nine  circular  arc  cambered  blades,  includes 
one  blade  instrumented  to  measure  unsteady  lift  and  moment.  These  alu¬ 
minum  blades  have  a  maximum  thickness-to-chord  ratio  of  10-0"  and  were 
designed  as  part  of  a  free  vortex  loaded  stage  that  includes  an  eight- 
bladed  stator.  This  stator,  however,  was  removed  for  these  tests.  The 
rotor  is  driven  by  a  70  Hp  motor  located  in  the  center  hub,  downstream 
of  the  test  section. 

The  auxiliary  fan  delivers  15,000  cubic  feet  of  air  per  minute  at  a 
pressure  of  3.5  inches  of  water  gauge  at  its  nominal  operating  condition. 
The  auxiliary  fan  drive  motor  and  the  70  Hp  motor  are  independently 
regulated  through  the  use  of  two  solid  state  adjustable  frequency  drive 


CASING  INSIDE  RADIUS  =  10.75  in. 
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A  foam  and  screen-covered  wooden  housing  projects  upstream  of  the 
bellmouth  opening.  It  was  installed  there  to  remove  any  turbulence  or 
rotation  that  may  exist  in  the  inlet  flow. 

The  48-inch  section  just  downstream  of  the  bellmouth  inlet  houses  a 
disturbance  generating  section.  Honeycomb,  wire  grid,  or  cylindrical 
rod  obstructions  may  be  placed  in  the  flow  to  develop  many  distorted 
inflow  configurations  (l,  3)  . 

The  rotor,  housed  in  the  next  downstream  section,  is  surrounded  by 
an  other  casing  that  can  be  rotated  about  the  AFRF  centerline.  This 
feature  permits  circumferential  surveying  of  the  flow  with  casing  mounted 
probes . 

For  a  more  detailed  description  of  this  test  facility  and  its  pres¬ 
ent  capabilities,  see  References  (l)  and  (26) . 

FLOW  MEASURING  INSTRUMENTATION 

A  schematic  drawing  Is  shown  in  Figure  18  of  the  instrumentation 
used  to  measure  the  flow  field  in  the  AFRF.  This  instrumentation  system 
consists  of  two  major  sections,  one  to  determine  the  instantaneous  total 
pressure  and  the  other  to  determine  the  time-mean  flow.  The  entire 
instrumentation  arrangement  is  composed  of: 

(1)  fast-response  total  pressure  Kiel  probe, 

(2)  DC  amplifier  and  power  supply  (Danna  Model  3520), 

(3)  photoelectric  triggering  circuit, 

(4)  digital  signal  processor  (Spectral  Dynamics  Model  SD360) , 

(5)  tracking  ratio  tuner  (Spectral  Dynamics  Model  SD134A) , 

(6)  X-Y  display  (Spectral  Dynamics  Model  SD311) , 

(7)  X-Y  plotter  (Hewlett-Packard  Model  7010A) , 
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(8)  digital  integrating  voltmeter  (Dymec  Model  2401C) , 

(9)  oscilloscope  (Tektronics  Model  7603), 

(10)  Kiel  probe  (United  Sensor  1/8-inch), 

(11)  variable  reluctance  pressure  transducer  (Validyne  Model 
DP15) , 

(12)  signal  conditioner  (Validyne  Model  CD15), 

(13)  data  acquisition  system, 

(14)  three-hole  wedge  probe, 

(15)  pressure  indexer, 

(16)  static  pressure  tap,  and 

(17)  probe  positioners. 

The  digital  signal  processor  is  used  in  conjunction  with  the  photo¬ 
electric  triggering  circuit  and  the  tracking  ratio  tuner  to  analyze  the 
output  of  the  fast-response  total  pressure  probe.  When  operating  in  the 
time  domain,  this  processor  (Spectral  Dynamics  SD360)  is  able  to  ensemble 
average  the  input  signal.  This  consists  of  the  pointwise  averaging  of 
the  signal  over  consecutive  rotor  periods.  Signals  periodic  with  the 
rotor  period  will  be  preserved,  while  random  signals  and  those  which  are 
nonperiodic  with  respect  to  the  rotor  revolution  will  diminish  as  the 
number  of  periods  averaged  is  increased.  The  photoelectric  triggering 
circuit  provides  a  once  per  revolution  pulse  used  to  synchronize  the 
phase  of  each  rotor  period.  This  synchronization  is  achieved  by  the 
tracking  ratio  tuner,  which  interfaces  the  triggering  circuit  and  the 
digital  signal  processor.  The  result  is  a  digitized  periodic-averaged 
total  pressure  signal.  Additional  circuitry  within  the  processor  pro¬ 
vides  for  operation  in  the  frequency  domain,  as  well  as  a  Fast  Fourier 


Transform  capability. 
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The  time-mean  data  acquisition  system  was  designed  and  built  at  the 
Applied  Research  Laboratory,  The  Pennsylvania  State  University.  It  con¬ 
trols  the  channel  selection  of  the  pressure  indexer  and  time  averages 
input  signals  over  a  one-second  interval.  In  addition,  it  records  each 
voltage,  as  well  as  rotor  rpm,  on  punched  tape. 

The  three-hole  wedge  probe  was  used  in  conjunction  with  the  probe 
positioners  to  align  the  standard  and  fast-response  total  pressure  probes 
with  the  flow.  The  three-hole  probe  indicates  flow  angle  by  rotating  the 
probe  until  both  static  taps  are  equalized  and  then  reading  a  protractor 
scale  attached  to  the  casing.  Similar  scales  on  each  total  pressure 
probe  allow  them  to  be  aligned  with  the  flow.  In  its  downstream  posi¬ 
tion,  the  three-hole  probe  will  not  accurately  measure  the  flow  angle 
that  exists  at  the  rotor  exit  due  to  the  flow  gradients  caused  by  the 
rotor  wakes.  However,  tests  have  shown  the  measurements  to  be  within 
±5°.  Since  the  exact  probe  angle  is  not  critical  due  to  the  demonstrated 
insensitivity  of  the  Kiel  probe  to  changes  in  flow  angle,  Figure  9,  this 
method  will  suffice. 

A  static  tap,  located  42  inches  downstream  of  the  bellmouth  exit 
was  used  to  determine  the  inlet  axial  velocity  at  the  mean  radius.  For 
uniform  inflow,  the  following  relation  was  used: 


The  quantity  (P  ~  Pg)  is  the  differential  pressure  measured  at  the 
static  tap,  and  p  is  the  density  of  air  calculated  from  the  ideal  gas 
equation.  For  a  distorted  inflow,  the  average  axial  inlet  velocity  at 
the  mean  radius  was  obtained  using  previously  measured  test  data  which 
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relate  the  static  casing  pressure  at  this  location  and  the  circumferen¬ 
tially  mean  axial  velocity  (27) .  A  plot  of  this  relationship  is  included 
in  Appendix  B  for  the  distorted  inflow  described  in  the  next  chapter. 


CHAPTER  V 


PROBE  APPLICATION 

Previous  aerodynamic  testing  has  demonstrated  the  fast-response  Kiel 
probe  to  be  relatively  insensitive  to  flow  direction  and  Reynolds  number 
in  the  range  examined.  The  tests  presented  in  this  section  are  meant  to 
give  an  indication  of  the  applicability  of  a  probe  of  this  type  to  flows 
found  in  turbomachinery  and  to  compare  these  measurements  to  those  of  the 
time-mean  total  pressure  obtained  with  a  standard  Kiel  probe. 

DATA  ACQUISITION 

The  fast-response  Kiel  probe  was  subjected  to  the  three  test  condi¬ 
tions  listed  in  Table  2.  The  first  two  tests  were  run  with  a  uniform 
inflow  velocity  to  the  rotor,  while,  in  the  last  test,  a  four-cycle 
velocity  distortion  was  created  with  the  use  of  a  screen  placed  in  the 
inlet.  This  screen  is  shown  in  Figure  19. 

In  each  test,  the  fast-response  Kiel  probe's  signal  was  ensemble 
averaged  over  1,024  rotor  revolutions  to  yield  the  entire  periodic- 
averaged  total  pressure  variation.  This  averaging  ensures  that  extrane¬ 
ous  signals  due  to  turbulent  fluctuations  and  acoustic  noise  present  in 
the  raw  signal  are  averaged  out.  Figure  20  shows  the  effect  of 
increasing  the  number  of  periods  over  which  a  typical  signal  is  averaged. 
These  data  indicate  that  approximately  300  rotor  periods  are  adequate  to 
provide  a  constant  output  from  the  processor. 
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FIGURE  20.  THE  EFFECT  ON  A  TYPICAL  PROBE  OUTPUT  OF  INCREASING 
THE  NUMBER  OF  ENSEMBLE-AVERAGED  PERIODS 
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X  =  ensemble-averaged  output  from  signal  processor, 
a^/2  =  time  average  of  signal, 

a  =  cosine  Fourier  coefficient, 

n 

b  =  sine  Fourier  coefficient, 

n  ’ 

n  =  harmonic  number  (1,  2,  3,  ...  N) , 

fQ  =  fundamental  frequency,  and 

t  =  time. 

The  signal  was  transformed  in  this  manner  to  allow  a  correction  to  be 
made  which  accounts  for  the  probe  and  amplifier  response  characteristics 
which  modified  the  ensemble-averaged  signal. 

Along  with  fast-response  Kiel  probe  data,  total  pressure  readings 
were  obtained  using  the  standard  Kiel  probe  and  a  Validyne  pressure 
transducer  at  the  same  conditions.  [a  calibration  curve  for  this  trans¬ 
ducer  (T-2)  may  be  found  in  the  Appendix  B.)  The  value  of  the  total 
pressure  was  recorded  with  the  data  acquisition  system  for  three  consecu¬ 
tive  runs,  which  were  used  to  obtain  an  averaged  value. 

Additional  data  that  were  recorded  for  each  test  consisted  of 
(1)  flow  angle  indicated  by  the  three-hole  wedge  probe. 
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(2)  static  pressure  in  the  inlet  section, 

(3)  rotor  rpm  (obtained  from  the  data  acquisition  system) , 

(4)  rotor  rpm  (obtained  from  the  tracking  ratio  tuner), 

(5)  fast-response  probe  zero  (before  and  after  each  test  run) , 

(6)  fast-response  probe  excitation  voltage, 

(7)  ambient  temperature,  and 

(8)  atmospheric  pressure. 

The  earlier  problem  of  DC  zero  shift  of  the  fast-response  Kiel  probe 
was  minimized  by  examination  of  the  shift  behavior.  At  ambient  condi¬ 
tions,  zero  shift  was  observed  to  be  ±0.012  mV  over  a  15-minute  period. 
Immersion  of  the  probe  into  the  AFRF  flow  field  produced  a  zero  shift  of 
the  order  of  one-half  millivolt  when  the  probe  reached  equilibrium.  This 
took  approximately  one  to  two  minutes.  At  this  point,  probe  zero  did  not 
vary  more  than  the  originally  observed  zero  shift.  As  a  result,  the  fol¬ 
lowing  zeroing  procedure  was  adopted.  The  probe  was  inserted  into  the 
flow  and  allowed  to  stabilize  for  five  minutes.  It  was  then  removed, 
zeroed,  and  immediately  returned  to  the  flow.  This  last  step  was  re¬ 
peated  at  half-minute  intervals  until  the  difference  between  two 
consecutive  zero  values  was  less  than  0.005  mV.  This  process  usually 
took  less  than  four  repetitions. 

DATA  REDUCTION 

The  reduction  of  the  fast-response  Kiel  probe  data  involved  the 
modification  of  the  Fourier  representation  of  each  signal  by  the  probe’s 
calibration  curves  and  the  amplifier’s  gain  and  phase  shift.  This  took 
the  form  of  generating  the  wave  defined  as 


AP  =  —  x  (s^J  x  ~2~  +  ^  “  cos  (n0  +  <j>n) 


n  =  1 
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where 

AP  *  total  pressure  (psig) , 

G  =  amplifier  gain  (20.^), 

a  =  amplifier  phase  lag  (it  radians) , 

=  measured  probe  amplitude  gain  from  time-mean  (dB)  , 

4>n  =  measured  probe  phase  lag  from  time-mean  (radians)  ,  and 

S.,  =  probe  static  sensitivity  (4.01  x  10  ^  ^~)  . 
l  mV 


The  first  60  terms  of  the  Fourier  analysis  were  considered  when  gener¬ 
ating  the  above  wave  for  each  test  condition.  The  values  for  and  if, 
were  obtained  from  curve  fits  of  the  measured  probe  response  data. 


Figure  16,  and  are  included  in  Appendix  A. 


The  standard  Kiel  probe  data  were  reduced  by  obtaining  the  average 
of  three  consecutive  data  readings,  multiplying  this  by  the  Validyne's 
sensitivity,  and  correcting  the  value  for  the  height  difference  between 
probe  and  transducer: 


AP 


+  p  g  h 


(7) 


where 
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total  pressure  (psfg) , 
Validyne  sensitivity 
Validyne  output  voltage  (V) , 


11.851  £— 


density  of  air  calculated  from  the  ideal  gas  equation 
(slugs/ft3) , 

2 

acceleration  due  to  gravity  (ft/sec  ),  and 
height  between  transducer  and  probe  (4.5  ft). 


Finally,  all  total  pressure  data  were  nondimensionalized  by  forming 
the  following  total  pressure  coefficient  : 


(8) 


where 
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AP  =  total  pressure  (psfg), 

3 

p  =  density  of  air  (slugs/ft  ),  and 
U  =  rotor  blade  speed  at  mean  radius  (f ps) . 

DISCUSSION  AND  PRESENTATION  OF  RESULTS 

The  periodic-averaged  total  pressure  data  obtained  with  the  fast- 
response  Kiel  probe  and  the  time-averaged  total  pressure  indicated  by 
the  standard  Kiel  probe  are  presented  in  this  section,  along  with  a  plot 
of  the  spectral  content  of  a  typical  fast-response  Kiel  probe  output. 

The  total  pressure  data  are  plotted  as  a  nondimensional  total  pressure 
coefficient,  defined  in  the  previous  section. 

To  give  an  indication  of  the  raw  content  of  the  fast-response 
probe's  output,  a  plot  of  the  spectral  content  of  a  typical  output  signal 
for  one  rotor  revolution  is  given  in  Figure  22.  A  large  response  is  seen 
at  the  rotor  blade  passing  frequency  (BPF)  and  its  multiples.  Also  quite 
noticeable  is  the  BPF  associated  with  the  auxiliary  fan  of  the  AFRF.  The 
auxiliary  fan  BPF  does  not  appear  in  the  ensemble-averaged  data,  however, 
since  it  is  not  harmonic  with  respect  to  the  rotor  period. 

Figure  23  presents  the  variation  of  the  ensemble-averaged,  but 
uncorrected  for  probe  dynamic  response,  pressure  coefficient  over  the 
time  required  for  one  rotor  revolution.  These  data  were  obtained  in  a 
uniform  flow  and  correspond  to  the  first  test  condition  in  Table  2. 

Applying  the  corrections  for  the  probe's  dynamic  response,  Figure  16,  as 
described  by  Equation  (5),  results  in  the  plot  of  pressure  coefficient 
versus  time  shown  in  Figure  24.  Also  included  in  Figure  24  are  the  time- 

averaged  values  determined  by  the  standard  and  fast-response  Kiel  probes.  | 
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FIGURE  22.  SPECTRAL  CONTENT  OF  A  TYPICAL  FAST-RESPONSE  KIEL  PROBE  OUTPUT 
FOR  ONE  ROTOR  REVOLUTION 


FIGURE  23.  PERIODIC  VARIATION  OF  THE  ENSEMBLE-AVERAGED  TOTAL  PRESSURE  COEFFICIENT 
UNCORRECTED  FOR  PROBE  DYNAMIC  RESPONSE,  TEST  CONDITION  NO.  1 


FIGURE  24.  PERIODIC  VARIATION  OF  THE  ENSEMBLE- AVERAGED  TOTAL  PRESSURE  COEFFICIENT  AND  THE 
TIME-AVERAGED  VALUE  OF  THE  STANDARD  KIEL  PROBE,  TEST  CONDITION  NO.  1 


56 


A  comparison  of  Figures  23  and  24  clearly  shows  the  dynamic  influence  of 
the  probe  cavity  on  the  actual  instantaneous  total  pressure. 

Examination  of  Figure  24  shows  the  difference  between  the  total 
pressure  and,  hence,  the  boundary  layer  development  on  the  suction  and 
pressure  sides  of  the  blades.  The  pressure  side  of  each  blade,  located 
to  the  left  of  each  wake,  has  a  higher  total  pressure  than  the  suction 
side  of  the  blade.  This  indicates  a  fuller  boundary  layer  at  the  trail¬ 
ing  edge  of  the  pressure  side  and  is  consistent  with  the  expected  wake 
shape.  The  deeper  and  wider  wake  observed  in  Figure  24  (and  Figure  23) 
is  due  to  the  rotor  blade  which  is  instrumented  to  measure  unsteady  rotor 
lift  and  moment.  The  larger  total  pressure  loss  associated  with  this 
blade  is  presumably  due  to  the  flow  leakage  around  the  instrumented  seg¬ 
ment  of  this  blade. 

A  comparison  of  the  time-averaged  total  pressures  measured  by  the 
fast-response  and  the  standard  Kiel  probes  shows  the  standard  probe  to 
indicate  a  value  2.1%  higher.  This  difference  is  due  to  the  inability 
of  the  standard  Kiel  probe  to  correctly  sense  the  time-averaged  value  of 
the  fluctuating  flow. 

The  results  for  the  second  test,  where  the  probes  were  placed  one- 
half  rotor  chord  length  further  downstream  (1.5  rotor  chord  lengths  from 
the  rotor  trailing  edge)  at  the  same  flow  conditions  as  the  first  test, 
are  plotted  in  Figure  25.  These  data  indicate  that  the  time-mean  flow 
has  circumferentially  rotated  approximately  28°  when  compared  to  Figure 
24.  This  is  easily  seen  by  the  change  in  position  of  the  wake  shed  by 
the  instrumented  blade.  Some  of  the  high  frequency  fluctuations  present 
in  the  upstream  total  pressure  trace  (Test  No.  1)  have  decreased,  and  a 
spatial  redistribution  of  the  total  pressure  has  occurred.  The  latter 


characteristic  is  seen  by  the  widening  of  the  wakes  and  a  slight  increase 
in  the  magnitude  of  the  total  pressure  between  the  wakes,  although  the 
pressure  and  suction  sides  of  the  blades  are  still  distinguishable.  As 
shown  in  Table  3,  the  time-averaged  pressure  indicated  by  the  fast- 
response  probe  essentially  remains  constant,  while  that  given  by  the 
standard  probe  shows  a  slight  loss,  when  compared  to  their  upstream  val¬ 
ues.  In  addition,  the  standard  Kiel  probe  now  measures  a  value  for  the 
time-averaged  total  pressure  that  is  1.3%  higher  than  the  time-averaged 
value  of  the  fast-response  probe.  This  change  in  the  time-averaged 
output  of  the  standard  probe  is  the  influence  of  the  frequency  content 
of  the  wakes  past  the  probe.  The  frequency  content  has  changed  due  to 
the  spatial  redistribution  discussed  above. 

The  data  obtained  during  the  final  test,  with  the  rotor  operated  in 
a  four-cycle  distorted  inflow,  are  shown  in  Figure  26.  The  total  pres¬ 
sure  fluctuations  measured  downstream  of  the  rotor  are  the  result  of  the 
rotor  blades  passing  through  this  circumferentially  varying  flow.  Figure 
27  is  a  plot  of  the  actual  flow  field  just  upstream  of  the  rotor  for  a 
mean  velocity  of  56  ft/sec  (27)  .  A  schematic  of  the  flow  for  the  given 
test  conditions  is  shown  in  Figure  28.  As  the  rotor  blades  are  subjected 
to  varying  axial  velocities,  the  flow  incidence  angle  will  change.  This 
will  cause  the  rotor  blades  to  experience  varying  amounts  of  lift, 
depending  upon  the  inflow  at  a  particular  spatial  position.  This,  in 
turn,  will  result  in  a  varying  drag  and  total  pressure  increase  across 
the  rotor.  As  Figure  26  plainly  shows,  the  existence  of  unsteady  forces 
on  the  blades  definitely  changes  the  structure  of  the  wakes  and,  hence, 
the  instantaneous  total  pressure.  The  time-averaged  total  pressure 
indicated  by  both  probes  has  decreased,  with  the  standard  Kiel  probe 
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FIGURE  26.  PERIODIC  VARIATION  OF  THE  ENSEMBLE- AVERAGED  TOTAL  PRESSURE  COEFFICIENT  AND  THE 
TIME- AVERAGED  VALUE  OF  THE  STANDARD  KIEL  PROBE,  TEST  CONDITION  NO.  3 
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FIGURE  27.  AXIAL  VELOCITY  DISTRIBUTION  JUST  UPSTREAM  OF  ROTOR  FOR  FOUR-CYCLE  SCREEN 


FIGURE  28.  SCHEMATIC  OF  FOUR-CYCLE  FLOW  DISTORTION  SHOWING  PROBE 
POSITION  RELATIVE  TO  FLOW 


indicating  a  time-averaged  total  pressure  4.7%  higher  than  that  given  by 
the  fast-response  probe. 

The  relative  error  associated  with  the  standard  and  fast-response 
probe  may  be  estimated  from  calibration  data  and/or  instrument  specifics 
tions.  The  standard  Kiel  probe  measurements  have  an  error  of  ±0.8%, 
based  on  calibration  data.  The  time-averaged  component  of  the  fast- 
response  Kiel  probe  has  an  error  of  ±1.0%,  based  on  calibration  data, 
transducer  specifications,  and  observed  zero  drift.  The  instantaneous 
component  of  the  fast-response  Kiel  probe  has  an  error  of  ±5.0%,  based 
on  probe  calibration  data. 


CHAPTER  VI 


SUMMARY  AND  CONCLUSIONS 

The  purpose  of  this  study  was  to  design,  fabricate,  and  calibrate 
a  fast-response  total  pressure  probe  for  use  in  a  turbomachine.  This 
was  accomplished  by  using  a  standard,  commercially  available,  0.125-inch 
maximum  diameter  Kiel  probe  which  was  altered  to  accept  a  piezo- 
resistive  transducer.  The  calibration  of  this  arrangement  was  conducted 
in  a  Galton  Whistle,  which  produced  a  sinusoidal  waveform  of  varying 
amplitude  and  frequency.  The  transducer/cavity/tube  arrangement  of  the 
probe  was  simulated  for  calibration  purposes  and  compared  with  the 
response  of  a  known  transducer,  a  0.25-inch  Briiel  and  Kjaer  microphone. 
The  calibrated  fast-response  Kiel  probe  was  then  employed  in  an  axial 
flow  fan  and  its  results  compared  with  a  standard  0.125-inch  diameter 
Kiel  probe. 

As  a  result  of  this  study,  the  following  conclusions  were  made: 

1.  The  dynamic  response  characteristics  of  a  tube/cavity 
system,  such  as  that  employed  in  the  design  of  a  fast- 
response  total  pressure  probe,  can  be  adequately  pre¬ 
dicted  through  the  use  of  the  nonlinear  analysis  of 
Bergh  and  Tijdeman  (l3) .  The  computer  program  of  Bergh 
and  Tijdeman' s  analysis  was  obtained  from  the  studies 
by  Nylund,  England,  and  Anderson  (lA]  .  The  predicted 
and  measured  resonance  frequencies  were  1,530  Hz  and 


1,500  Hz,  respectively. 


2.  The  Galton  Whistle  provides  an  adequate  method  for  the 


direct  dynamic  calibration  of  the  test  probe.  The  large 
number  of  sinusoidal  waveforms  that  can  be  generated 
without  the  need  of  signal  conditioning  equipment  and 
the  simplicity  of  design  make  it  a  satisfactory  cali¬ 
bration  device. 

3.  The  use  of  a  commercially  available  Kiel  probe  in  the 
design  of  a  fast-response  total  pressure  probe  greatly 
reduces  construction  time  and  cost,  while  providing  a 
large  insensitivity  to  flow  misalignment.  However,  the 
dynamic  response  of  the  probe  is  compromised  due  to  the 
large  connecting  volume  between  the  pressure  sensing 
hole  and  the  transducer.  This  can  be  compensated  for 
by  the  direct  calibration  of  the  probe. 

4.  Measurement  of  both  the  AC  and  DC  components  of  the 
total  pressure  fluctuation  with  a  single  probe  is  made 
possible  through  the  use  of  a  temperature  compensated 
piezo-resistive  transducer.  This  temperature  compensa¬ 
tion  minimized  thermal  sensitivity  and  DC  zero  drift. 
Mechanical  contact  of  the  transducer  and  probe  causes 

a  zero  shift  error,  but  may  be  adequately  compensated 
tor  by  a  repetitive  zeroing  procedure. 

5.  The  difference  between  the  time-averaged  values  for 
both  probes  is  significant,  as  high  as  4.7X,  due  to 
trequency  dependent  effects.  The  inability  of  a 
standard  Kiel  probe  Lo  accurately  measure  the  timo- 
averaged  value  of  a  total  pressure  fluctuation  makes 
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a  fast-response  probe  very  valuable.  The  error  associated 
with  the  fast-response  probe  measurements  was  determined 
to  be  ±1.0%  for  the  DC  component  and  ±5.0%  for  the  AC 
component . 

The  employment  of  the  fast-response  total  pressure  Kiel 
probe  at  the  exit  of  an  axial  flow  rotor  clearly  shows 
that  minute  details,  such  as  the  differences  in  the 
boundary  layer  on  the  pressure  and  suction  surfaces,  can 
be  observed.  Furthermore,  the  operation  of  the  rotor  in 
a  spatially  varying  inflow  results  in  a  significantly 
different  wake  than  observed  in  a  uniform  inflow. 


CHAPTER  VII 


RECOMMENDATIONS  FOR  FURTHER  RESEARCH 

The  present  effort  has  resulted  in  the  successful  design,  construe 
tion,  and  calibration  of  an  instantaneous  total  pressure  probe.  Future 
efforts  should  seek  further  refinements  in  the  probe  design,  such  as 
providing  a  high  resonant  frequency,  and  make  application  of  this  probe 
to  the  study  of  rotor  wake  flows  for  the  rotor  in  both  a  uniform  and 
spatially  varying  inflow.  Specific  recommendations  include: 

1.  The  elimination  of  probe/transducer  contact  to  remove  any 
zero  shifting  effects  caused  by  it.  This  may  be  accom¬ 
plished  by  removal  of  the  lip  that  the  base  of  the  trans¬ 
ducer  rests  upon  and  securing  the  transducer  in  place  with 
sealant . 

2.  A  redesigning  of  the  probe  head  to  improve  response 
characteristics.  This  may  be  achieved  by  the  design  and 
construction  of  a  probe  head  that  has  a  shorter  tubing 
length  in  its  tube/cavity  configuration,  as  well  as  a 
larger  tube  radius. 

3.  Circumferential  surveys  of  the  flow  before  and  after  the 
rotor  should  be  attempted  with  different  rotor  inflow 
distortions.  Such  experiments  would  serve  to  demonstrate 
the  effects  of  unsteady  rotor  forces  on  the  wake 


characteristics. 
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APPENDIX  A 

THEORETICAL  AND  EXPERIMENTAL  EVALUATION  OF 
TUBE/CAVITY  SYSTEM  RESPONSE 


This  section  contains  the  theoretically  and  experimentally  obtained 
frequency  response  characteristics  of  the  fast-response  total  pressure 
Kiel  probe.  The  theoretical  formulation  of  Bergh  and  Tijdeman  (l3) , 
which  was  employed  to  predict  the  probe's  frequency  response,  is  pre¬ 
sented  first.  Next,  the  predictive  response  data  generated  by  Nyland, 
Englund,  and  Anderson's  (l4j  computer  program  of  Bergh  and  Tijdeman's 
formulation  (restricted  to  a  single  tube/cavity  system)  is  given. 
Finally,  the  actual  response  data  for  the  fast-response  Kiel  probe  simu¬ 
lator,  as  well  as  their  curve  fitting  equations,  are  listed. 


73 


BERGH  AND  TIJDEMAN'S  MODEL  OF  TUBE/CAVITY  SYSTEM  RESPONSE 


P 

P 


1 

0 


cosh(<t>L)  +  — ^  (a  +  ^-)n<j>L  sinh(<{>L) 
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where 


^  =  complex  pressure  ratio, 

*0 

a  =  mean  velocity  of  sound, 
o 

Y  =  specific  heat  ratio  (Cp/C^) , 

R  =  tube  radius, 

L  =  tube  length, 

=  cavity  volume, 

V  =  tube  volume, 

=  dimensionless  increase  in  transducer  volume  due  to 


diaphragm  deflection, 
v  =  frequency, 

K  =  polytropic  constant, 


I  1 

i  i 


FAST-RESPONSE  KIEL  PROBE  PREDICTIVE  FREQUENCY  RESPONSE  DATA 


Cavity  Radius  =  0.12700  (CM) 
Cavity  Length  =  0.19830  (CM) 
Tube  Radius  =  0.02540  (CM) 
Tube  Length  =  1.90500  (CM) 
Sigma  =  0.00 

Volume  Ratio  (VC/VT)  =  2.602 


RESONANCE 


Frequency  (CPS) 

0.00 

100.00 

200.00 

300.00 

400.00 

500.00 

600.00 

700.00 

800.00 

900.00 

1000.00 

1100.00 

1200.00 

1300.00 

1350.00 

1400.00 
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_ _ 1500.00 

■*1550. 00 
1600.00 
1650.00 
1750.00 
1850.00 
1950.00 
2050.00 
2150.00 
2250.00 
2350.00 
2450.00 
2550.00 
2650.00 
2750.00 


Pressure  =  1008703.0  (DYNE/CM**2) 
Density  =  0.0011790  (GM/CM**3) 
Viscosity  =  0.0001780  (GM/CM*SEC) 
Prandtl  No.  =  0.700 
Gamma  =  1.40 
K  =  1.40 


Amplitude  Ratio  Phase  Angle  (DEG) 


0.99 

1.00 

1.02 

1.04 

1.08 

1.13 

1.20 

1.29 

1.41 
1.57 
1.78 
2.07 
2.49 
3.07 

3.42 
3.76 
4.01 
4.08 

3.92 
3.59 
3.19 
2.46 

1.92 
1.55 
1.28 
1.09 
0.94 
0.82 
0.73 
0.66 
0.59 
0.54 


0.00 
-0.68 
-1.41 
-2.23 
-3.18 
-4.31 
-5.66 
-7.33 
-9.42 
-12.12 
-15.71 
-20.73 
-28.11 
-39.63 
-47.79 
-58.02 
-70.32 
-84.03 
-97.74  ' 
-110.08 
-120.34 
-135.00 
-144.21 
-150.29 
-154.55 
-157.69 
-160.11 
-162.04 
-163.63 
-164.96 
-166.10 
-167.10 


CALIBRATION  DATA  FOR  FAST-RESPONSE  PROBE 

RUN  NO.  1 

Frequency  (H2)  Phase  Lag  (DEG)  Amplitude  ( 
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38 

13 
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3  9 . 3( 

14 
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3  9.7! 

34 
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RUN  NO.  2 

Frequency  (Hz)  Phase  Lag  (DEO)  Amplitude  Gain  (dB) 


CURVE  FIT  EQUATIONS  OF  RUN  NO.  1  DATA 


Amplitude  Response 
For  0  -  1200  Hz: 

D  =  2.940  x  10'2  +  4.1883  x  10~4  f  +  3.145  x  10 
n 

+  1.7444  x  10"8  f3 


For  1200  -  1600  Hz: 

D  =  2.9388  x  101  +  3.1051  x  10~2  f  +  1.3958  x  10' 
n 

-  1.1542  x  10-8  f3 


where 


=  Amplitude  Gain  (dB)  =  20  log  and 

f  =  Frequency  (Hz) . 


Phase  Lag 

For  0  -  1200  Hz: 


4>  =  arctan  ((1.672  x  10~4)/(l-f2/1.9321  x  106) 

n 


+  2.7433  x  10~2) 


For  1200  -  1600  Hz: 


6  =  9.4608  x  101  -  2.2296  x  10_1  f  +  1.4691  x  10 


where 


<t>  =  Phase  Lag  (DEG)  and 


f  =  Frequency  (Hz). 
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